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ABSTRACT

OPTIMIZATION OF PROCESS PARAMETERS FOR COMMERCIALLY PURE TITANIUM
IN THE LASER-ENGINEERED NET SHAPING PROCESS

Adam Springer, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2017
Federico Sciammarella, Director

One of the main factors limiting progress and mainstream acceptance of metal additive
manufacturing (MAM), including the laser engineered net shaping (LENS) process, is lack of
consistency between different processes, different feedstock materials, and even different
individual machines. To achieve the consistency needed to advance the technology, the
processing parameters must be well understood and optimized for a wide range of applications
and materials. One material with great potential, but has very limited research so far, is
commercially pure titanium (CP Ti). CP Ti can be used in many applications ranging from
architecture to its use in desalination plants, but one of the most promising applications for CP Ti
is medical implants. The ability to use CP Ti in MAM would be a great stride in advancing the
quality of medical implants, but for MAM to become a mainstream method of producing medical
implants, the consistency of the process needs to be ensured. The first step of gaining
consistency in MAM with CP Ti is to acquire a greater understanding of the process parameters
involved and to optimize the processing parameters for the application at hand. This Thesis aims
to find process parameters for CP Ti that are both efficient and cost savings along with providing

optimal mechanical properties. Once the trends of varying process parameters can be seen, an
optimal set of parameters can be seen and utilized to get the full potential from depositing CP Ti
in the LENS process.
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Chapter 1: BACKGROUND

1.1 Commercially Pure Titanium

Commercially pure titanium (CP Ti) is not as commonly used as Ti-6Al-4V (grade 5
titanium). CP Ti has a few niche applications where it really excels. One of the most promising
applications for CP Ti is for use in medical implants. Titanium has great corrosion resistance and
mechanical properties which make it an ideal candidate for use in medical implants. Grade 5
titanium has been used for medical implants, but there are concerns that the aluminum and
vanadium that are alloyed with the titanium may be corroding and could potentially be
hazardous. CP Ti has amazing corrosion resistance and without being alloyed to potentially
hazardous materials, it becomes a very strong candidate for usage in medical implants.
CP Ti can be used in many marine and pipping applications where its high corrosion
resistance is needed. CP Ti can be used in many different chemical piping networks used to
transfer extremely acidic and corrosive materials due to its corrosive properties.
Since CP Ti has some very promising applications, it would make sense that researchers
would start looking into the possibility of using CP Ti in additive manufacturing processes.
There is still, relatively speaking, very limited work done on the topic since most research
involving titanium in additive manufacturing is using grade 5 titanium. There are multiple
researchers currently considering the application for the use of medical implants though.
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W. Xue and B. V. Krishna both worked at Washington State University on creating
porous titanium structures in the laser engineered net shaping (LENS) process [1,2]. Both made
very porous structures and there least porous structures were at 300W, 18 g min-1, and 5 mm s-1
and 300 W, 23 g min-1, and 5 mm s-1 to achieve 17% porosity and 22.89% porosity respectively.
There experiments showed decreasing laser power, increasing deposition feed rate, and
increasing mass flow rate of powder all increased porosity.
H. Attar did work with commercially pure titanium in the selective laser melting (SLM)
process. The SLM process is a subsection of powder bed fusion (PBF) while the LENS process
is a subsection of directed energy deposition (DED). It can be very difficult to compare the two
because there is no flow rate of powder in PBF processes, there is only a layer of powder that is
spread across the substrate. Attar attained greater than 99.5% density when using an energy
density of 120 J mm-3. The equation Attar used is 𝐸 =

𝑃

. Where E is the energy density in J

𝑣ℎ𝑡

mm-3, P is the laser power in W, v is the scanning speed in mm s-1, h is the hatch spacing in mm,
and t is the layer thickness in mm [3]. Attar also shows data that appears to show energy density
has a very loose correlation with porosity and rather increasing laser power while keeping a
constant energy density has a much greater impact on porosity. In the author’s opinion, this
implies laser power needs to be weighed more heavily than other processing parameters when
looking at processing parameters effect on porosity.
Y. Li and D. Gu worked on simulating and getting empirical results on using CP Ti in the
SLM process [4]. The experimental results are rather limited, but Li and Gu saw that at, using
Attar’s energy density calculation, an energy density of 600 J mm -3 created dense builds with
defects due to balling or thermal stress. Gu and Li saw that at an energy density of 300 J mm -3
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there were large pores and at an energy density of 400 J mm-3 there were micro pores. Li and Gu
also saw that at an energy density of 800 J mm-3 there were cracks likely caused by thermal
stresses.
1.2 Laser Engineered Net Shaping

Additive manufacturing has been taking the manufacturing world by storm. Additive
Manufacturing offers some great benefits over traditional manufacturing such as its ability to
create complex parts not possible by traditional manufacturing methods and potential for
decreased machining times and material costs. Laser Engineered Net Shaping (LENS) is one
additive manufacturing process. The LENS process was developed at Sandia National
Laboratory and has since been trademarked by OPTOMEC, Inc. The LENS process utilizes as
1064 nm ND: Yag laser to fuse metallic powder together into essentially a weld bead. These
beads are then built next to one another and on top one another until a final 3D part is created.
An overview of the LENS process can be seen in Figure 1.

Figure 1: LENS Process [5]
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The powder is carried by an argon stream through four nozzles that meet at a focal point
that is then fused together by a laser. It should be noted that the chamber of the machine is
purged with argon as to reduce oxidation and hydrogen embrittlement of the material being
created.
The LENS process has many different processing parameters that can be changed. These
parameters are laser power, deposition feed rate, mass flow rate of powder, hatch spacing,
programmed layer thickness, rapid feed rate, laser spot size, argon flow rate shielding the laser
beam, argon flow rate carrying the powder, and the atmosphere inside the chamber. For the sake
of this paper only three of the processing parameters were looked at and the rest, with the
exception of hatch spacing and layer thickness, were held constant unless otherwise noted. The
three processing parameters that were varied were laser power, deposition feed rate, and mass
flow rate of powder. Laser power is the power in watts of the laser beam used for deposition.
Deposition feed rate is the velocity at which the deposition head moves when depositing
material, typically measured in inches per minute or millimeters per second. The mass flow rate
of powder is the mass of powder traveling through the nozzles in a given time span, typically
measured in grams per minute or grams per second. These three parameters were chosen because
they are the easiest to control and have the greatest effect on the deposition process.
Hatch spacing and programmed layer thickness are two other process parameters that
were varied, but are more dependent on the geometry of the deposited bead rather than
independent variables that can be changed.
Programmed layer thickness is the distance in the z direction that the motors move after
each layer. This distance should be the height of the deposited layer and thus layer thickness is
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dependent on the deposited geometry rather than a variable that can be changed. How inaccurate
layer thickness effects deposition can be seen in Figure 2.

Figure 2: Illustration of Effect of Layer Thickness on Deposition
In the block labeled A, one can see the powder stream is focused at the point where the
laser strikes the substrate. This is the optimal point of powder, laser, and substrate contact. In the
block labeled B, the powder streams are centered at a point below the surface of the substrate.
This would be caused by a programmed layer thickness that is too small, so the deposition head
is closer to the substrate than it ideally should be. This will cause a smaller bead to be created
because not as much powder will reach the melt pool. This is not cause for too much concern
though. Since the closer the deposition head would get to the substrate the small the concurrent
layer would be until eventually the layer deposited is less than the programmed layer thickness.
Then the build will hit an equilibrium point where the deposited layer and programmed layer
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thickness are the same height. The changes in bead geometry throughout the build may cause
issues regarding build quality though, and this issue needs to be further researched. In the block
labeled C, the powder streams are centered around a point above the substrate. This means the
programmed layer thickness is greater than the deposited layer thickness. This is the worst-case
scenario because it means every layer will become smaller and smaller until eventually the
powder streams no longer reach the melt pool and no more material is being deposited. This
leads to failure in the deposition process and if it is not noticed quickly, can be a large waste of
time and material.
Hatch spacing is the distance from the center of one deposited bead to the next or the
distance the deposition head moves from pass to pass during the deposition process. Currently
researches at Northern Illinois University calculate what is believed to be an optimal hatch
spacing based off the bead geometry. The calculation is based off depositing enough material as
to make a flat surface every layer. This is shown visually in Figure 3.

Figure 3: Hatch Spacing Illustration
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The red triangle is representing the area that the beads overlap, and the blue area
represents the area that would be unfilled if two deposited beads actually looked as they do in
Figure 3. The idea is to make the red and blue area equal so that the amount of material that
overlaps will fill the void between beads and thus not cause any voids in between beads.
It should be noted though that hatch spacing can be varied quite greatly as long as the
layer thickness is adjusted to compensate for the additional material being deposited. If the hatch
spacing is decreased something similar to Figure 4 is likely to occur.

Figure 4: Hatch Spacing Decrease
While this bump may appear to be a problem, if the process parameters are in such a way
that a significant amount of the previously deposited material is remelted each pass, then it is
very unlikely to make a significant impact on the quality of the build. As long as the
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programmed layer thickness used compensates for this additional material being added, then it is
no cause for serious concern. A lower hatch spacing is unlikely to cause significant problems if
the operator compensates for it. Too low of hatch spacing can cause a significantly higher
amount of energy being put into the part than required and in certain materials can cause serious
concerns regarding overheating and thermal stresses on the part.
If the hatch spacing is too large, then interbead voids are significantly more likely to
occur. An example of interbead voids in a finished part can be seen in Figure 5.

Figure 5: Interbead Voids
Interbead voids are cause for serious concern because the voids can have a significant
impact on mechanical properties of the final part. It is still possible to compensate for a larger
hatch spacing with other processing parameters though. If the deposition feed rate and laser
power are adjusted such that a large amount of the previously deposited material is remelted,
there is good potential for these voids to be filled in with molten metal from previous layers. It is
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still best practice to have a smaller rather than larger hatch spacing though to prevent potential
for these voids to form.
1.3 Process Parameter’s Impact on Deposition

The three main processing parameters of the LENS process are laser power, mass flow
rate of powder, and deposition feed rate. Each variable has a large influence on the deposited
material.
Laser power mostly effects the size of the melt pool. The width and depth of the melt
pool have a very significant effect on the deposition process. The melt pool width is
approximately equal to the width of the deposited bead. The melt pool depth is the amount of the
substrate or previously deposited material that will be remelted. It can be seen in Figure 6 that
the melt pool width increases with laser power. Figure 6 and Figure 7 shows data from 316L
stainless steel with the mass flow rates of powder labeled on the figure and a constant deposition
feed rate of 12.7 mm s-1

Figure 6: Melt Pool Width vs. Laser Power
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Figure 7: Melt Pool Depth vs. Laser Power
Laser power also has an impact on bead height. A higher laser power causes the bead to
be hotter which allows more powder to build into a larger bead. This can be seen in Figure 8.

Figure 8: Bead Height vs. Laser Power
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Figure 8 does not show as clear of a correlation as Figure 6 and Figure 7. This is likely
due to the nature of the way the bead grows larger with increasing laser power. It is not as
consistent of a process and is dependent on temperature of the powder going into bead.
The mass flow rate of powder mainly effects the height of the deposited bead. This is
because there is more material that can go into the melt pool and form the bead. The correlation
between the flow rate of powder and the bead height can be seen in Figure 9.

Figure 9: Bead Height vs. Powder Flow Rate
The mass flow rate of powder can also affect the width of the bead, but this is usually
only when the additional width of the bead is fused only to the rest of the deposited material and
not the substrate itself. This can be seen on the right side of Figure 10.
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Figure 10: Example of Bead Width Increasing with Mass Flow Rate of Powder
The mass flow rate of powder can also have an influence on the melt pool depth. When
the powder being ejected into the melt pool increases, the amount of energy going into the melt
pool decreases because the powder is absorbing the laser rather than the substrate. This typically
only happens when the powder flow rate is increased to a point where the powder starts to take a
significant amount of energy away from the melt pool so relatively small changes in powder
flow rarely influence the melt pool depth. The effect of powder flow rate on melt pool depth can
be seen in Figure 11.
The data in Figure 9 and Figure 11 is from 316L stainless steel, 312 W laser power, and 5
in/min deposition feed rate.
The deposition feed rate effects both bead geometry and melt pool geometry greatly. As
the deposition feed rate increases, the size of the deposited bead decreases. This is because there
is less powder going into the bead per unit length. This trend can be seen in Figure 12.
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Figure 11: Melt pool Depth vs. Powder Flow Rate

Figure 12: Bead Height vs. Deposition Feed Rate
The deposition feed rate also has an impact on the width of the bead. This is because with
decreasing deposition feed rate, more energy goes into the bead and causes the melt pool width
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to get larger. It also appears that deposition feed rate does not influence the melt pool depth. This
is likely caused by powder decreasing the penetration of the laser into the substrate so at a
constant mass flow rate of powder, the depth of the melt pool will also approximately remain
constant. In Figure 13, a plot of the bead width decreasing as the deposition feed rate increases
can be seen. The data used in Figure 12 and Figure 13 was 316L stainless steel at a constant 4.9
g/min mass flow rate of powder and 475 W of laser power.

Figure 13: Bead Width vs. Deposition Feed Rate
1.4 Powder’s Impact on Deposition

The feedstock material can greatly affect the quality of the deposition. If the powder is
not spherical, the flowability of the powder will decrease dramatically. This can cause
inconsistencies in the powder flow rate which will cause the beads to not be uniform. This can
cause porosity throughout the part and effect final part dimensions.
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Porosity in the powder can also have a large impact on porosity in the final part [2]. So, if
there is porosity in the powder, it can be very difficult to limit porosity in the final part. This will
be discussed in more detail in Chapter 3.
1.5 Criteria for Optimization

To optimize the process parameters, there needs to be a clear set of criteria to base the
optimization off of. These criteria are percent porosity in the part, mechanical properties of the
part, and a cost optimization of the part.
1.51 Build Quality Optimization

The optimized process parameters would have nearly no porosity. To have an objective
measurement of this, less than one percent porosity was chosen as the standard required for the
build to meet. Pore shape is also important. Spherical pores are much less likely to cause
mechanical failure than jagged edged pores, so this will also be taken into account when
analyzing the porosity.
The mechanical properties of the built part should also be comparable to wrought
commercially pure titanium. This means that a Rockwell C hardness of higher than 20 and a
Vickers hardness higher than 200.
1.52 Cost Optimization

Cost plays a very important role in manufacturing. If a part is too costly to manufacture,
the project may fail even though the part or application is vastly superior to the current part or
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application. Cost is especially important when it comes to additive manufacturing because there
needs to be incentive to abandon traditional machining methods. Therefore, this paper seeks to
find a set of processing parameters that not only has ideal mechanical properties, but also is as
cheap as possible while retaining those mechanical properties. This paper also will show the
tradeoff between mechanical properties and cost so that a middle ground can be found.

Chapter 2: DESIGN OF EXPERIMENTS

The original design of experiments was 270 different sets of parameters. Three sets of 90
at a laser power of 320, 480, and 640 Watts. Each set of 90 would have deposition feed rates
varying from 5 to 45 inches per minute and mass flow rates of powder varying from 1 to 15
grams per minute. These parameter settings were based on Xue’s and Krishna’s work discussed
in chapter 1 [1,2]. The laser power divided by the mass flow rate of powder divided by the
deposition feed rate was kept above 200 J*s/g*mm to make sure they were having a higher
amount of energy than Xue’s and Krishna’s builds in hope to have a low amount of porosity.
Unfortunately, the author quickly recognized this design of experiments would not be
successful due to a high amount of porosity. This will be discussed in more detail in Chapter 3.
The new design of experiments included a series of individual tests in attempt to limit the
amount of porosity and view trends in the amount of porosity to establish a new design of
experiments. In total 100 different sets of process parameters were tested.
Since so many of the process parameter sets that were expected to contain very little
porosity contained a high level or porosity, the feedstock material was analyzed to see if the
powder was potentially the cause of the porosity. Pictures of the powder were taken using a
Hitachi TM-1000 scanning electron microscope (SEM). Two of the pictures taken can be seen in
Figure 14 and Figure 15.
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Figure 14: SEM Photo of CP Ti Powder Showing Porosity

Figure 15: SEM Photo of CP Ti Powder Showing Irregular Powder
It can be seen in Figure 14 and Figure 15 that the powder has voids in it. Using ImageJ,
the pores were analyzed, and the size distribution is approximately 5 to 45 microns with an
average of approximately 20 microns. The porosity in the powder could be a potential cause for
porosity in the final builds. Susan noticed that porosity in powder caused porosity in final build
parts. Susan also noticed that pores in the parts were often larger than those in the powder itself.
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Susan did note that this could be caused by processing parameters, but discussed that it could
also be caused by the trapped gas from multiple pores creating a significantly larger pore in the
final build [6].
Figure 15 shows irregular shaped powder along with the typical spheroidized powder.
The diameter of the irregular powder in Figure 9 ranges from 40 to 110 microns. This irregular
powder because it appears so porous itself, could also be causing porosity in the final builds.
This needs to be investigated further though.
A few other potential causes for the porosity are hydrogen embrittlement, oxidation, a
film or other substance on the substrate that is vaporizing, or porosity in the substrate.
Hydrogen embrittlement and oxidation might be possible because even though it’s a
purged argon chamber, there is still approximately 0.05% oxygen and 1.00% hydrogen in the
chamber. Although according to Cross it should require over 7.5% hydrogen to cause hydrogen
embrittlement in a CP Ti weld [7]. So, this likely is not the cause of the porosity.
A film or other substance on the substrate is a promising theory. It can be seen in Figure
16 and Figure 17 that the porosity is typically forming on the boundary between the bead and the
substrate. If a film was on the substrate and was vaporizing, it would be possible for the vapors
to get trapped inside the bead. The author tried to prevent this by cleaning every substrate with
acetone prior to deposition, but it is still a possible cause.
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Figure 16: Example of Porosity between Substrate and Bead (1)

Figure 17: Example of Porosity between Substrate and Bead (2)
It can also be seen throughout the Figures in this Thesis that there is porosity in the
substrate itself. It would be possible for the metal around the voids in the substrate to melt and
allow the trapped gas to propagate into the bead.
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It is hard to decide which of these potential causes for porosity are responsible for the
porosity in the final part. Since the purpose of this Thesis is to use CP to develop industrial based
processing parameters, the author decided to focus on how to reduce or remove the porosity
rather than investigate its exact orgin.
The new parameter sets included ranging the laser power from 400 to 1030 Watts,
ranging the mass flow rate of powder from 0.3 to 11 grams per minute, and ranging the
deposition feed rate from 5 to 30 inches per minute. There was need to justify these parameter
settings in the literature though since the previous parameter settings were unsuccessful. Attar’s
and Li’s work used energy density in the SLM process. It is difficult to make these parameter
settings applicable to DED processes, but the author made an attempt to do so. Originally the
author had planned on picking beads whose hatch spacing and layer thickness would give the
energy densities discussed in Chapter 1. Instead the energy per volume of powder was used as an
energy density instead. This means the energy density discussed in this paper is given by the
following equation, 𝐸 =

𝑃×𝜌
.
𝑚̇𝑝

where P is the laser power, 𝜌 is the density of CP Ti, and 𝑚̇ 𝑝 is the

mass flow rate of powder. The new process parameters were selected as to have a large portion
of them with an energy density greater than 120 J mm -3 and a few were selected to have an
energy density between 400 J mm-3 and 800 J mm-3. Energy densities that high can be difficult to
reach though since the LENS system at NIU can only go slightly above 1000 W. This means the
highest mass flow rate of powder that can be used to reach 800 J mm -3 is 0.0056 g s-1 which is
over an order of magnitude lower than was expected and will create very small beads which will
greatly reduce the deposition rate of the parameter settings.
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Each set of process parameters were analyzed by creating a single 1” bead. This bead was
then cut in half using an abrasive chop saw. The cross-sectional surface of the bead was then
mounted using an epoxy-based compound, grinded using 120 through 1200 grit sand paper,
polished using 1 and 5 micron polishing compounds, and etched using a 10% hydrofluoric acid,
40% nitric acid, and 50% distilled water mixture. Samples were etched for five to ten seconds.
The beads were then analyzed and measured using a Moticom 2000 CCD connected to an
Olympus PMG3 microscope. ImageJ was used to convert the pictures taken to greyscale to
clearly distinguish between the builds and the pores in the build. Then ImageJ’s particle analysis
was performed to measure the percent area that was porous for each bead.
Three of these parameters were then used to build 0.5”x0.5”x1” blocks. The blocks were
1” long in the build direction. This means each bead in the build was 1” long. These blocks were
analyzed in the same way as the beads except three random sample areas were taken for porosity
measurements rather than the entire bead cross section

Chapter 3: RESULTS

Chapter 3 will be discussing the results from all of the sets of process parameters that
were used. The results are split into three sections. These sections are porosity, mechanical
properties, and cost analysis.
3.1 Porosity

The parameter settings discussed in Chapter 2 that resulted in a high amount of porosity
were as shown in Table 1. It can be seen in Table 1 that the porosity of each bead was much
higher than the less than 1% porosity that was the goal of this Thesis. Since this was unexpected,
the author took a turn and decided to hold the mass flow rate of powder and the deposition feed
rate constant at 0.0675 g s-1 and 12.7 mm s-1 respectively and vary the laser power from 390 to
915 W to see at what laser power porosity would start to disappear. Unfortunately, there was still
a significant amount of porosity. The porosity and laser power of the second set of beads can be
seen in Table 2.
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Table 1: First Set of Process Parameters
Laser Power

Mass Flow Rate of

Deposition Feed

Percent Porosity

(W)

Powder (g s-1)

Rate (mm s-1)

(%)

492

0.0534

12.7

4.3

492

0.0605

12.7

7.7

492

0.0675

12.7

6.6

492

0.0745

12.7

5.6

492

0.0815

12.7

8.2

492

0.0886

12.7

13.1

492

0.0956

12.7

14.7

492

0.1027

12.7

16.3

492

0.1097

12.7

15.96

492

0.1167

12.7

20.46
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Table 2: Laser Power and Porosity Measurements from Second Set of Parameters
Laser Power

Percent Porosity

(W)

(%)

390.23

19.73

448.64

9.61

507.05

10.2

565.46

6.96

623.87

15.84

682.28

6.17

740.69

2.9

799.1

8.1

857.51

4.1

915.92

5.2

These results were unexpected and so the next step was to significantly decrease the
powder flow rate and vary the deposition feed rate at a higher laser power. So, the process
parameters shown in

Table 3 were chosen.
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Table 3: Process Parameters for Varying Feed Rate
Mass Flow Rate

Deposition Feed Rate (mm s-

Percent Porosity

of Powder (g s-1)

1

)

(%)

915.92

0.0246

2.1167

2.2

915.92

0.0246

4.2333

3.1

915.92

0.0246

6.3500

2.2

915.92

0.0246

8.4667

2.6

492.4475

0.0246

2.1167

14.6

492.4475

0.0246

4.2333

10.6

492.4475

0.0246

6.3500

6.7

492.4475

0.0246

8.4667

8.8

Laser Power (W)

While significantly lower porosity measurements were attained, the measurements did
still not meet the requirement of less than 1% porosity. The next set of process parameters were
based off the energy density measurements discussed in Chapter 1. These parameters can be seen
in Table 4.
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Table 4: Energy Density based Process Parameters
Laser Power (W) Mass Flow Rate of Powder (g/s)
1032.74
0.0050
1032.74
0.0075
1032.74
0.0099
1032.74
0.0123
1032.74
0.0148
1032.74
0.0172
1032.74
0.0197
1032.74
0.0050
1032.74
0.0075
1032.74
0.0099
1032.74
0.0123
1032.74
0.0148
1032.74
0.0172
1032.74
0.0197
1032.74
0.0050
1032.74
0.0075
1032.74
0.0099
1032.74
0.0123
1032.74
0.0148
1032.74
0.0172
1032.74
0.0197
492.45
0.0050
492.45
0.0075
492.45
0.0099
492.45
0.0123
492.45
0.0148
492.45
0.0172
492.45
0.0197
492.45
0.0050
492.45
0.0075
492.45
0.0099
492.45
0.0123
492.45
0.0148
492.45
0.0172
492.45
0.0197
492.45
0.0050
492.45
0.0075
492.45
0.0099
492.45
0.0123
492.45
0.0148
492.45
0.0172
492.45
0.0197

Deposition Feed Rate (mm/s) Energy Density (J/mm^3) Percent Porosity (%)
12.7
929.9196193
11
12.7
624.9372602
7.1
12.7
470.5972046
3.8
12.7
377.3929021
3.2
12.7
315.0045584
2.3
12.7
270.3173125
3.2
12.7
236.7337388
2.3
8.47
929.9196193
8.1
8.47
624.9372602
6.7
8.47
470.5972046
4.3
8.47
377.3929021
3.8
8.47
315.0045584
3.9
8.47
270.3173125
4.2
8.47
236.7337388
4.1
4.23
929.9196193
4.4
4.23
624.9372602
4.5
4.23
470.5972046
5.1
4.23
377.3929021
4.8
4.23
315.0045584
3.8
4.23
270.3173125
3.5
4.23
236.7337388
4.1
12.7
443.419052
6.9
12.7
297.9925164
5.7
12.7
224.3976383
0.71
12.7
179.9544814
1.9
12.7
150.2054798
1.8
12.7
128.8969971
16.8
12.7
112.8831437
9.7
8.47
443.419052
1.2
8.47
297.9925164
0.9
8.47
224.3976383
1.4
8.47
179.9544814
3.2
8.47
150.2054798
4.9
8.47
128.8969971
5.3
8.47
112.8831437
11.8
4.23
443.419052
2.5
4.23
297.9925164
5.2
4.23
224.3976383
8.9
4.23
179.9544814
13.1
4.23
150.2054798
15.4
4.23
128.8969971
12.2
4.23
112.8831437
19.5

The porosity values for some of the process parameters are satisfactory, but the beads that
have this low porosity are extremely small and will have a very low volumetric deposition rate.
This is not ideal, so alternative methods were explored.
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There were two alternative methods that were explored. The first was to create a build
using a set of process parameters that resulted in a porous bead but have a hatch spacing and
layer thickness such that the energy density discussed in Chapter 1 would be reached. Two
process parameters that were used can be seen in Table 5.
Table 5: Porous Parameters used for full build
Laser
(Powder Mass

Energy

Percent

Density

Density

Porosity

(Author)

(Attar)

(%)

Deposition Feed

Power
Flow Rate (g/s)

Energy

Rate (mm/s)

(W)
915.92

0.0246

2.1167

168.1693

480.0457

1.1

915.92

0.0246

8.4667

168.1693

120.0114

1.2

It can be seen in Table 5 that the energy density created by the author is already above
Attar’s 120 J mm-3. It is still considerably lower than the energy density that Li and Gu
developed. Using energy density equation used by Attar though, gives an energy density for one
bead relatively close to Li and Gu and the other is almost exactly the energy density Attar used.
It can also be seen that there was a significant decrease in porosity. This means that the remelting
caused by subsequent beads and layers can reduce the porosity in the original beads.
Another alternative method that was tested was the act of remelting beads to see if it
would reduce porosity. A common method in PBF is to rescan the part with the laser multiple
times if the part is overbuilding or a certain area is prone to porosity. The method works quite
well in PBF, it was difficult to find any literature attempting the method in the DED processes.
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This is likely because instead of remelting, it would likely be easier to just adjust the process
parameters to reduce the porosity. To test remelting new beads were built and then remelted
afterwards using the process parameters shown in Table 6.
Table 6: Remelting Process Parameters
Laser Power (W)
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
1032.74
492.45
492.45
492.45
492.45
492.45
492.45
492.45
492.45
492.45

(Powder Mass Flow Rate (g/s)
0.0612
0.0979
0.1346
0.1712
0.0612
0.0979
0.1346
0.1712
0.0612
0.0612
0.0979
0.1346
0.1712
0.0979
0.1346
0.1712
0.0534
0.0605
0.0675
0.0534
0.0605
0.0675
0.0534
0.0605
0.0675

Deposition Feed Rate (mm/s)
12.70
12.70
12.70
12.70
12.70
12.70
12.70
12.70
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
12.70
12.70
12.70
12.70
12.70
12.70
12.70
12.70
12.70

Remelt Power (W)
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
1032.7400
156.6000
156.6000
156.6000
492.4475
492.4475
492.4475
1032.7400
1032.7400
1032.7400

Percent Porosity (%)
2.4
7.6
10.3
10.2
4.7
5.5
8.1
8.7
1.3
1.8
6
8.1
0.5
0.8
5.1
6.7
21.0
29.0
47.0
13.2
23.0
17.0
0.5
0.1
0.1

The 1032 W beads were done both with and without remelting to see if a significant
difference would be observed. The 492 W beads were remelted using 150 W, 475 W, and 1000
W at the same feed rate as the beads themselves.
It can be seen in Table 6 that the remelting of the 492 W beads using 1032 W had a major
impact on porosity. The original beads were 4.3%, 7.7%, and 6.6% porous. The beads remelted
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with 1032 W were 0.5%, 0.05%, and 0.1% porous. This shows great promise for remelting beads
to reduce porosity.
Since 157 W and 492 W were unsuccessful in reducing porosity, it appears the melted
depth from the remelting pass must be large enough to remelt the entire bead for the porosity to
escape. This also agrees with the 1032 W beads that were remelted. The remelted beads had
significantly lower porosity towards the top of the beads, but the bottom of the beads were
unremarkable from one another. This means in order to use remelting to reduce porosity, you
likely need a laser power and feed rate that will create a melt pool deeper than the bead being
melted and any deep enough into the substrate to remove any porosity between the substrate and
the bead.
It is also likely, although not shown in this Thesis, that when remelting, the solidification
rate must be slow enough to allow the trapped gas to escape. If the solidification rate is too fast,
remelting will likely be unsuccessful in reducing porosity.
To optimize the process parameters, which variables effected porosity had to be looked
at. It appears energy density has the strongest effect on porosity. This can be seen in Figure 18.
This makes sense since this energy density measurement is based on the amount of
energy going into a volume of powder. So, the larger the amount of energy going into the
powder, the less likely there is to be porosity caused by lack of fusion or rapid solidification
rates.
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Figure 18: Porosity vs. Energy Density
Powder Efficiency is also a very important factor in cost analysis. Powder Efficiency is
the percent of the total powder shot from the nozzles that is solidified into the weld bead. A
higher powder efficiency means for the same amount of powder being used, a larger bead is
formed. It appears energy density and energy per unit length both have significant effects on
powder efficiency, and this can be seen in Figure 19 and Figure 20.
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Figure 19: Powder Efficiency vs. Energy per Length
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Figure 20: Powder Efficiency vs. Energy Density
It should be noted though that increasing energy density at a constant travel speed has a
large effect on powder efficiency, looking at energy density over a range of travel speeds does
not provide the same correlation. This is because both the energy per unit length and the energy
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per volume of powder both play critical roles in powder efficiency so one alone cannot be used
to predict powder efficiency when all three main processing parameters are being varied.
3.2 Mechanical Properties

For CP Ti manufactured in the LENS process to be able viable, it must have comparable
mechanical properties to wrought CP Ti. The Rockwell B hardness of CP Ti ranges from 56 to
94 depending on the grade of CP Ti. The goal of this Thesis was to get a hardness over 94
Rockwell B which is approximately 17 Rockwell C. Rockwell hardness tests were performed on
the builds shown in Table 7.
Table 7: Hardness, Porosity, and Process Parameters of Full Builds
Laser Power (W) (Powder Mass Flow Rate (g/s) Deposition Feed Rate (mm/s)
915.92
0.0246
2.12
915.92
0.0246
12.70
1032.74
0.1101
12.70
1032.74
0.1101
12.70

Percent Porosity (%)
Rockwell C Hardness
1.10
38.11
1.20
31.17
5.40
18.13
5.80
26.20

It should be noted that the bottom build in Table 7 was remelted with 1030W. It can be
seen that none of the builds fell below the minimum hardness. It is likely that the increased
porosity had a negative influence on the hardness of the builds. It is clear that the first build had
the highest hardness, but it is unknown whether this build has decreased ductility because of the
increase in strength.
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3.3 Cost Analysis

The last step of the optimization of the process parameters was to optimize the cost.
There are two main variables that effect cost. Machine operation which is typically $100/hr and
material cost which is typically $100/kg for CP Ti. Machine Operation cost is affected by the
deposition rate of the process parameters being used. The material cost is affected by the powder
efficiency of the process parameters being used. It is assumed that energy costs are negligible,
powder cannot be retrieved and reused, and there are no other consumable costs. Realistically
there are wear parts on the machine and argon is constantly used to purge the chamber, carry the
powder streams, and shield the laser.
To optimize the cost, the total cost of manufacturing a part had to be calculated. A 100cubic centimeter part was taken as an example. The volumetric deposition rate was calculated
which could then calculate how much would be spent on machine operation. Then the total
amount of powder which would be used in the process was calculated. This allowed for the total
cost in materials to be calculated. This led to the most cost-efficient processing parameter set to
be investigated to be 1030W, 2.12 mm s-1, and 0.17122 g s-1 which would cost approximately
$128 to manufacture a 100-cubic centimeter part. The highest cost seen was $5800.
This Thesis also aims to give a balance between cost optimization and mechanical
properties. This will be looked at from two different directions. One will be looking at the
tradeoff between strength and deposition cost and the other will look at hardness and deposition
cost.
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First, a relationship between volumetric deposition rate and strength needs to be
established. This can be done by using porosity and Nielson’s work. In 1984, Nielson found the
following relationship between porosity and Young’s Modulus, 𝐸 = 𝐸𝑚

(1−𝜐)2
1
𝜌

, Where E is the

1+( −1)𝜐

Young’s Modulus of the porous part, Em is the Young’s modulus of the material without pores, 𝜐
is the percent porosity, and 𝜌 is the geometry factor of the pores [8]. The geometry factor is
assumed to be 0.2 because the pores are assumed to be spherical in nature. Nielson’s relationship
results in approximately a decrease of 0.86 GPa in Young’s Modulus per 1% porosity.
Then the percent increase in volumetric deposition rate can be plotted against the percent
increase in porosity. One example can be seen in Figure 21.

Figure 21: Percent Increase in Deposition Rate vs. Percent Porosity
This was done for 5 different sets of process parameters that can be seen in Table 8.

36

Table 8: Percent Increase in Deposition Rate per Percent Porosity
% Increase in Deposition Rate per % Porosity
10.334
34.92
21.82
17.94
Average = 21.25

This means that there is a 21.25% increase in deposition rate per 0.86 GPa of Young’s
Modulus that is sacrificed.

Chapter 4: CONCLUSIONS

This Thesis has shown that low porosity, high hardness, highly cost-efficient process
parameters can be achieved for CP Ti in the LENS process. While there are concerns about the
root cause of the porosity in many of the specimens, it has been shown that the porosity can be
removed by adjusting the process parameters accordingly.
It has also been shown that the amount of energy deposited per volume of powder has a
significant effect on the porosity in a part. It has also been shown that both energy per unit length
and energy per volume of powder both have large effects on powder efficiency. This Thesis has
also shown that a significant increase in deposition rate can be achieved at the expense of
mechanical properties.
Further research needs to be invested into the utilization and optimization of remelting in
the LENS process. It appears to have a significant effect on porosity especially with powders
where porosity can be difficult to control.
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